Variation at the FADS1/FADS2 gene cluster is functionally associated with differences in lipid 2 metabolism and is often hypothesized to reflect adaptation to an agricultural diet. Here, we test the 3 evidence for this relationship using both modern and ancient DNA data. We document pre-out-of-Africa 4 selection for both the derived and ancestral FADS1 alleles and show that almost all the inhabitants of 5 Europe carried the ancestral allele until the derived allele was introduced approximately 8,500 years ago 6 by Early Neolithic farming populations. However, we also show that it was not under strong selection in 7 these populations. Further, we find that this allele, and other proposed agricultural adaptations including 8 variants at LCT/MCM6, SLC22A4 and NAT2, were not strongly selected until the Bronze Age, 2,000-9 4,000 years ago. Similarly, increased copy number variation at the salivary amylase gene AMY1 is not 10 linked to the development of agriculture although in this case, the putative adaptation precedes the 11 agricultural transition. Our analysis shows that selection at the FADS locus was not tightly linked to the 12 development of agriculture. Further, it suggests that the strongest signals of recent human adaptation may 13 not have been driven by the agricultural transition but by more recent changes in environment or by 14 increased efficiency of selection due to increases in effective population size. 15 2012; Fumagalli, et al. 2015; Kothapalli, et al. 2016; Buckley, et al. 2017; Ye, et al. 2017) . As a result of 33 this environmental interaction, these genes have been repeatedly targeted by natural selection.
Introduction 16
Human history has seen a number of major transitions in diet (Luca, et al. 2010) . The most recent were 17 the transition to a modern "industrialized" diet and, before that, the transition in many parts of the world 18 to a diet heavily based on the products of agriculture. Even outside these periods, differences in diet based 19 on both culture and food source availability would have been a major aspect of environmental differences 20 between human populations-differences that would likely lead to genetic adaptation. Thus, by identifying 21 and studying the evolution of genetic adaptations to diet, we learn not only about historical changes in 22 diet, but also about the genetic basis of diet-related phenotypic differences among present-day humans.
24
One previously identified adaptation involves the fatty acid desaturase genes FADS1 and FADS2. These 25 genes encode proteins which catalyze key steps in the w-3 and w-6 lipid biosynthesis pathways 26 (Nakamura and Nara 2004) . These pathways synthesize long-chain (LC) polyunsaturated fatty acids 27 (PUFA) necessary for cell-and, particularly, neuronal-membrane development from short-chain (SC) 28 PUFA (Darios and Davletov 2006) . The evolutionary interaction with diet stems from the fact that 29 different diets contain different ratios of SC-and LC-PUFA. Specifically, diets that are high in meat or 30 marine products contain relatively high LC-PUFA levels, and thus may require lower levels of FADS1 31 and FADS2 activity compared to diets that are high in plant-based fats (Ameur, et al. 2012 ; Mathias, et al.
Results

67
Haplotype structure at FADS1 68 69
We began by investigating 300 high-coverage whole-genome sequences from the Simons Genome 70 Diversity Project (SGDP) (Mallick, et al. 2016 ), as well as three archaic human genomes (Meyer, et al. 71 2012; Prufer, et al. 2014; Prufer, et al. 2017) , to fully describe the fine-scale haplotype structure in the 72 region (Figure 1, Supplementary Figure 1 ). By clustering haplotypes using a graph-adjacency algorithm 73 (Methods), we defined three nested "derived" haplotypes ( Figure 1A , Supplementary Table 1, 74 Supplementary Figure 1 ). Haplotype D extends over 78kb, is specific to Eurasia, and is comparable to the 75 haplotype D defined by Ameur, et al. (2012) . Haplotype C is an 18kb portion of haplotype D that is 76 shared between African and Eurasian populations. Finally, haplotype B is a 15kb region that represents 77 the portion of haplotype D that is shared between modern humans and both the Altai (Prufer, et al. 2014) 78 and Vindija (Prufer, et al. 2017 ) Neanderthals. We denote the modern human haplotype carrying ancestral 79 alleles at key SNPs as haplotype A (the "ancestral" haplotype), and we also analyze the Denisovan 80 (Meyer, et al. 2012 ) and Chimp (panTro2) (Chimpanzee Sequencing Analysis Consortium 2005) 81 haplotypes. This analysis also allows us to prioritize likely causal SNPs, which are currently unknown 82 (Buckley, et al. 2017; Ye, et al. 2017 ). If the derived SNP that was selected in modern humans was also 83 selected in Neanderthals, then it must lie in haplotype B, which is defined by just four SNPs (rs174546, 84 rs174547, rs174554 and rs174562). Gene tree for the haplotype B region inferred for representative haplotypes. 
100
These dates are consistent with previous estimates (Harris, et al. 2017 ) and suggest that the European-101 specific haplotype D diverged around the time of the out-of-Africa bottleneck and the diversification of 102 non-African lineages (Mallick, et al. 2016 1000 Genomes project, treating the derived allele of rs174546 as the selected SNP, and fixing the 113 mutation rate to 1.25´10 -8 per-base per-generation, we infer that selection most likely but not definitively 114 acted on a new mutation (posterior probability 0.55, range 0.25-0.81) and began 136,000-447,000 BP.
115
These estimates are uncertain though, with 95% credible intervals (CrIs) ranging from 44,000-1,251,000 116 BP. Nonetheless, this analysis suggests that selection began around or before the time of the deepest splits We first investigated why the derived haplotype was at such low frequency in pre-agricultural Europeans, 138 by analyzing data from 46 Upper Palaeolithic and Mesolithic individuals dated between 45,000 and 8,000 139 BP (Fu, et al. 2016 ). We infer the presence of haplotype D based on 6 SNPs that were typed on the 140 capture array used in the original study (Fu, et al. 2016) . We find that the derived haplotype is rare in all 141 populations ( Figure 2A ). When we tried to use imputation to increase sample size, the results were 142 inconsistent. Specifically, imputed data suggested a much higher frequency in most of the ancient 143 population groupings, for example around 40% frequency in the Vestonice population. This higher 144 frequency agrees with previous analyses (Ye, et al. 2017 ). However, imputation is unreliable for these 145 data because many of the Ice Age samples have extremely low coverage. This leads to a high rate of false Figure 2B ). Therefore, it seems likely 152 that the derived allele was already rare in the "out-of-Africa" population that was ancestral to present-day Table 1 for more detailed results. Note that for the first episode we infer selection in a population that is ancestral to present-day African populations, but that population is also likely ancestral to present-day European populations, given the timing of the divergence between the two. This lack of the derived allele in early non-Africans is surprising because our analysis suggests that 156 selection within the ancestral population began at least 246,000 years ago, and the derived allele would 157 therefore be expected to have been at high frequency when African and non-African ancestors diverged.
158
Further, the derived allele is shared between present-day African populations that were genetically 159 isolated before the split of present-day African and non-African ancestors (Mallick, et al. 2016;  160 Schlebusch, et al. 2017 ). This suggests that there could have been selection for the ancestral allele in the 161 ancestors of Upper Palaeolithic non-Africans. To test this, we used the same ABC approach we used to 162 investigate the derived allele to infer selection on the ancestral allele (Methods, SNPs that tag the derived haplotype are among the strongest genome-wide associations with lipid levels 214 (Teslovich, et al. 2010) . To test whether the selective events we observe were consequences of more 215 general selection on lipid levels, we investigated patterns of African-European population differentiation 216 between variants associated with three blood lipid traits-triglycerides (TG), high-density cholesterol 217 (HDL) and low-density cholesterol (LDL) (Teslovich, et al. 2010 ). We find that, for HDL and TG, trait-218 increasing alleles tend to be more common in African than European populations, while for LDL, the trait 219 increasing allele is more common in European populations ( Figure 3A opposite direction), but by its specific effect on PUFA synthesis. We further find that there is no 224 significant difference in the frequency of LDL-increasing alleles when comparing the three ancient 225 populations ( Figure 3B ). Since they do differ in the frequency of the FADS1 allele, this suggests that 226 recent selection on FADS1 was also not driven by selection more generally on lipid levels.
228
Patterns of population differentiation at other diet-associated variants
230
We investigated whether other variants that have been suggested to be associated with the adoption of 
254
These results therefore suggest an expansion in copy number, sometime earlier than ~10,000 BP, but that Diploid AMY1 copy number 
Present−day [CEU]
Years BP to 23,000 BP). The most common East Asian derived haplotype is also an outgroup to the common 312 European and African haplotypes ( Figure 1B&C, Supplementary Figure 2 ), so it may derive from a 313 separate, older, event. More ancient DNA from East Asia will help resolve this question, although we 314 note that agriculture developed later in East Asia than in Western Eurasia, so it is likely that selection on 315 the derived FADS1 allele was also unassociated with agriculture there as well. more dramatic than the earlier change associated with agriculture. Another is that effective population 326 sizes were so small before this time that selection did not operate efficiently on variants with small 327 selection coefficients. For example, analysis of present-day genomes from the United Kingdom suggests 328 that effective population size increased by a factor of 100-1000 in the past 4500 years (Browning and 329 Browning 2015) . Ancient effective population sizes less that 10 4 would suggest that those populations 330 would not be able to efficiently select for variants with selection coefficients on the order of 10 -4 or 331 smaller. Larger ancient DNA datasets from the past 4,000 years will likely resolve this question.
332
Methods
334
Identifying and analyzing FADS1 haplotypes with each other. The problem of finding the largest clique in a graph is NP-hard, but we use the Bron-
353
Kerbosch algorithm which is more efficient in practice than brute force (Bron and Kerbosch 1973 Asian and African haplotypes, using the R package "pegas" (Paradis 2010) . We inferred the phylogenetic 367 relationship between the haplotypes by picking a single individual from the SGDP that was homozygous 368 for each of the representative haplotypes and inferring the tree relating the haplotypes using BEAST2 369 (Bouckaert, et al. 2014) . We rooted the tree with chimpanzee and used a uniform [7.5-9.5] million year 370 prior for human-chimp divergence. This corresponds to a mutation rate of ~4-5´10 -10 per-base per-371 generation. Human-chimp divergence in the region is around 90% of the genome-wide average, so there 372 does not appear to be a large difference in mutation rate in the region that would bias these estimates. 
386
We chose the derived allele (C) of rs174546 as the putatively selected allele, and analyzed 50kb on either 387 side for a total region length of L=100kb. We fixed the mutation rate at 1. 
400
For each simulated dataset we computed 27 summary statistics (as described in Peter, et al. (2012) ).
401
During the ABC estimation phase, we retained the top 500 simulated datasets with statistics closest to 402 each real dataset (12 in total, one for each subpopulation), and computed posterior distributions for the 403 selection-onset time and selection coefficient ( Supplementary Table 2 ). Finally, we combined estimates 404 (Table 1) B(x,n,p) is the binomial probability of seeing x successes out of n 447 trials with probability p, and e,d,g are small error probabilities, which we set to 0.1, 0, 0. 
465
To analyze the Holocene history of FADS1 and other alleles, we assembled a dataset of 1003 published 466 ancient samples, most of which were typed on the "1240k" capture array which targets ~1.24 million 467 SNPs. We used the pseudo-haploid version of these data, where each individual has a single allele at each 468 SNP, from a randomly selected read. We classified these individuals into "hunter-gatherer", "Early 469 Farmer" and "Steppe ancestry" populations as follows. First, we ran supervised ADMIXTURE 470 (Alexander, et al. 2009 ) with K=4, and the four populations: WHG, EHG, Anatolia_Neolithic and 471 Yamnaya_Samara fixed to have cluster membership 1, as previously reported (Mathieson, et al. 2018 ).
472
We then classified individuals based on their inferred ancestry. If they had more than 25% ancestry from 473 the Yamnaya_Samara cluster and dated later than 7500 BP, we classified them as "Steppe ancestry". If 474 they had less than 25% ancestry from the Yamnaya_Samara cluster and more then 50% from the 475 Anatolia_Neolithic cluster, we classified them as "Early Farmer". Finally, if they had less than 25% 476 ancestry from the Yamnaya_Samara cluster and less than 50% ancestry from the Anatolia_Neolithic 477 cluster and were dated earlier than 5100 BP, we classified them as "hunter-gatherer". These 
484
To call AMY1 copy number we assembled a set of 76 ancient genomes with shotgun sequence data that 485 had nonzero mapped coverage at the locus. The majority of published ancient shotgun genomes have zero 486 coverage, presumably because the copy number variable region was masked during alignment. We 487 counted the number of reads that mapped to the any of the three AMY1 duplicate regions in the human 488 reference genome (Usher, et al. 2015 ) and compared the total to the average read depth in 1000 random 489 regions of chromosome 1, of the same size as the AMY1 duplicate regions. We fitted a linear model of 490 coverage as a function of GC content to these 1000 regions, for each individual, and used this to correct 491 our estimates for GC bias.
493
Analysis of lipid GWAS hits 494 495
We tested the directionality of lipid-associated alleles using genome-wide association meta-analysis 496 results for LDL, HDL and TG (Teslovich, et al. 2010 ). Specifically, we constructed a list of SNPs with P-497 values below a given cutoff by iteratively selecting the SNP with the lowest P-value and then removing 498 all SNPs within 500kb. For each of these SNPs we extracted allele frequencies in the EUR and AFR 499 21
super-populations and then tested whether trait increasing alleles were more common in AFR than EUR 500 ( Figure 3A ).
502
To analyze the LDL hits in ancient samples, we first identified all SNPs with an association P-value less 503 than 10 -6 that were on the capture array used to genotype the majority of the ancient samples. We 504 iteratively removed SNPs within 250kb of the most-associated SNPs to produce an independent set of 505 associated SNPs. For each (pseudo-haploid) individual, we constructed the "LDL score" by counting the 506 proportion of these SNPs at which that individual carried the trait-increasing allele ( Figure 3B ). We found 507 no significant differences with respect to ancestry when we fitted a binomial generalized linear model 508 with ancestry as a covariate. We also fitted a model 
